Oxanine (O) is a deaminated base lesion derived from guanine where the N 1 nitrogen is substituted by oxygen. This work reports the mutagenicity of oxanine, as well as oxanine DNA glycosylase activities in mammalian systems. Using human DNA polymerase b, deoxyoxanosine triphosphate is only incorporated opposite cytosine. When an oxanine base is in a DNA template, C is efficiently incorporated opposite the template oxanine. However, adenine and thymine are also incorporated opposite O with an efficiency
Introduction
DNA bases, adenine (A), guanine (G), cytosine (C) and 5-methyl cytosine (5-MeC), are subject to deamination caused by endogenous and environmental agents (1) (2) (3) (4) . The rate of base deamination is accelerated by aberrant sequence contexts or high temperature (5,6).
Hypoxanthine (I), xanthine (X), uracil (U) and thymine (T) are the corresponding deamination products derived from A, G, C and 5-MeC, respectively. Previous studies suggested that xanthine in DNA is prone to spontaneous depurination due to the instability of the C'-N glycosidic bond (1, 7) ; however, a more recent study indicates that X is a stable lesion in DNA under physiological conditions (8, 9) . Treatment of deoxyguanosine or DNA by nitrous acid, nitric oxide, or 1-nitrosoindole-3-acetonitrile also yields an intracyclic guanine deamination product, oxanine (O), in which the N 1 nitrogen is substituted by an oxygen atom (10, 11) . A chemical pathway leading to the formation of xanthine and oxanine from guanine by nitrous acid treatment has been proposed based on the isolation of a diazoate intermediate (12) . Oxanine in DNA is as stable as guanine by comparison of spontaneous hydrolysis of the N-glycosidic bond (7).
All deaminated base lesions are promutagenic as demonstrated by in vitro DNA polymerase studies. Uracil, as the deamination product of cytosine, pairs with adenine, causing C to T transitions (13, 14) . The mutagenic potential of xanthine is more controversial. Earlier studies indicate that T can pair with X to produce G/C to A/T transitions (15,16). However, a more recent study suggests that dXTP is not incorporated opposite T, although the incorporation efficiency of dXTP opposite C is about 15,000-fold less than that of dGTP to C (17) . When X is placed in a DNA template, the Klenow Fragment of Escherichia coli (E. coli) polymerase I inserts a dCTP to pair with X, whereas the reverse transcriptase from human immuno-deficiency virus inserts a C or T with similar efficiencies (9) . Deoxyoxanosine triphosphate (dOTP) can be incorporated to pair with both a C or T in DNA by the Klenow Fragment, thus generating G/C to A/T transitions (17) . Xanthine DNA glycoyslase activities of E. coli AlkA and Endo VIII proteins have been reported (9, 18) . E. coli endonuclease V has been shown to have deoxyxanthosine endonuclease activity (19, 20 
Experimental Procedures
Separation of nucleotides by RP-HPLC. Deoxyoxanosine 3'-triphosphate was generated by incubating 10 mM deoxyguanosine 3'-triphosphate (Sigma) with 100 mM NaNO 2 in 3 M acetate buffer (pH 3.7) in a final volume of 100 µl at 37ºC for 2 hr. The resulting deamination products were separated on a Nova-Pak C18 ODS column (Waters, 4 µm, 3.9 x 150 mm ID) by RP-HPLC using a linear gradient (0-20% acetonitrile, 20 min) in a 100 mM TEAB buffer (Triethylammonium Bicarbonate, Fluka) at pH 7.0 with a flow rate of 1 ml/min. Fractions (0.5 ml/tube) with absorbance at 260 nm were scanned from 220 to 360 nm using a 1700 UV/Vis spectrophotometer (Shimadzu). Nucleotide identities were verified by comparing with unique UV signatures of known compounds (17) . Reactions were quenched by addition of an equal volume of GeneScan stop buffer.
Construction of oxanosine-containing
Electrophoresis and quantitative analysis were performed as described in glycosylase assays below. To study the potential incorporation of dNTP on an O-containing template by human polymerase b, extension reactions were carried out as described above excepted that the substrate was a single-nt gap with the O-containing strand as a template. Proteins were precipitated by adding ammonium sulfate to 80% saturation. After dialysis using Spectrum Spectra/Por 10 kD membrane against the dialysis buffer containing 20 mM
Preparation
Tris-HCl (pH 8.0), 1 mM EDTA and 0.2 mM DTT, the supernatant was precipitated by step-wise ammonium sulfate saturation from 20% to 80% with 10% increments.
Aag-/-and matched Aag+/+ mouse tissues were thawed on ice in 2. EDTA, 5 mM 2-mercaptoethanol as previously described (22). Tissues were homogenized on ice in a 7-ml Dounce homogenizer (Wheaton). Cell debris was removed by centrifugation at 18,000 g for 30 min in a refrigerated microcentrifuge. The supernatants were stored at -70°C prior to glycosylase activity assays.
DNA Glycosylase Activity Assays. Purification of human AAG proteins was carried out as previously described (23, 24) . DNA glycosylase cleavage assays were performed at 37ºC
for 60 min in a 10 µl reaction mixture containing 10 nM oligonucleotide substrate, indicated amount of glycosylase, 20 mM Tris-HCl (pH 7.2), 100 mM KCl, 5 mM EDTA and 2 mM 2-mercaptoethanol as previously described (22). The resulting abasic sites were cleaved by incubating at 95ºC for 5 min after adding 0.5 µl of 1 N NaOH. Reactions were quenched by addition of an equal volume of GeneScan stop buffer. Samples (3.5 µl) were loaded onto a 7 M urea-10% denaturing polyacrylamide gel. Electrophoresis was conducted at 1500 voltage for 1.6 hr using an ABI 377 sequencer (Applied Biosystems). Cleavage products and remaining substrates were quantified using GeneScan analysis software.
Gel Mobility Shift Assays. The binding reactions were performed at 37°C for 30 min in a 10 µl volume containing 50 nM DNA substrate, 20 mM Tris-HCl (pH 7.2), 50 mM NaCl, 5 mM EDTA, 1 mM DTT, 0.1 mg/ml BSA, 10% glycerol, and indicated amount of hAAG (∆54-E125Q). Samples were supplemented with 5 µl of 50% glycerol and electrophoresed at 200 V on a 6% native polyacrylamide gel in 1 x TB Buffer (89 mM Tris base and 89 mM boric acid) supplemented with 5 mM EDTA. The bound and free DNA species were analyzed using Typhoon 9400 Imager (Molecular Dynamics) with the following settings:
PMT at 600 Volt, excitation at 495 nm, emission at 535 nm. 
Results

Preparation of dOTP and O-containing DNA.
Oxanine is a newly identified deamination product of guanine (11) (Fig. 1A) . To generate dOTP, dGTP was treated with 100 mM NaNO 2 in 3 M acetate buffer (pH 3.7). Similar to a previous report (17) , this reaction produced about 40% dXTP and 10% dOTP, respectively (Fig. 1A) . Peaks corresponding to dGTP, dXTP and dOTP were identified by their unique UV spectra (Fig.   1A , insets). Deoxyoxanosine triphosphate was separated at baseline level from other products by RP-HPLC, collected, lyophilized and stored at -80°C (17) . The O base was incorporated into DNA by a single-nt gap fill-in reaction using Klenow Fragment (Fig. 1B,   C ). The O-containing 37-mer was purified by denaturing PAGE, reannealed to the top template strand and extended to full length. Extension products were verified by GeneScan analysis using 10% denaturing PAGE (Fig. 1D) .
Mutagenicity of Oxanine.
We determined the possibility of incorporation of dOTP to DNA using a single-nt gap substrate. In control reactions, human DNA polymerase b extended G, C, A, T fully to form corresponding Watson-Crick base pairs ( Fig. 2A) . dOTP was only incorporated opposite a template C with about 60% of the efficiency of dGTP.
dOTP was not detectably incorporated opposite the other template bases ( Fig. 2A) .
Similar results were obtained on a primer/template substrate when the downstream 23-mer was omitted (data now shown). These results suggest that human pol b preferentially incorporates dOTP to pair with the cognate C template.
To determine the mutagenicity of an O base in DNA, a single-nt gap substrate was formed by annealing the O-containing template with two complementary top strands ( The ODG activities were observed in similar fractions in calf liver tissues (data not shown).
These results indicate that mammalian cells possess DNA glycosylase(s) that contain ODG activities.
To identify which human DNA glycosylase(s) excise oxanine, we tested purified glycosylases that are known to recognize damaged purines, including hOGG1, hNEIL1, hNEIL2 and hAAG. E. coli endo VIII, Fpg (MutM), hOGG1, hNEIL1, and hNEIL2 but not mouse MPG are known to form cross-linking products with oxanine (26, 27) . Under our assay conditions, human AAG was the only enzyme that showed oxanine DNA glycosylase activity (Fig. 4A ). AAG versions with N-terminal 54 (∆54) and 79 (∆79) amino acid truncations are commonly used for biochemical studies (24, 28, 29) ; an AAG protein with a truncation of the first 100 amino acids still retains glycosylase activity (30) .
The 54 (∆54) and 79 (∆79) versions of hAAG showed comparable ODG activity. An inosine-containing substrate (T/I) was used as a positive control, which was cleaved near completion. (Fig. 4A) . To rule out the possibility that the observed cleavage activities may come from E. coli expression host contamination, assays were performed with an active site by guest on November 17, 2017
http://www.jbc.org/ Downloaded from mutant ∆54-E125Q. This mutant is catalytically inactive due to the change of a proposed general base residue E to Q (24, 28, 31, 32) . No DNA cleavage was observed from ∆54-E125Q, indicating that the ODG activities are intrinsic to hAAG (Fig. 4A ). N169S is a mutant that enhances DNA cleavage activities (24, 33) . As expected, ODG activities were detected with this mutant.
To verify that the AAG is the authentic oxanine glycosylase in mammalian cells, we assayed oxanine cleavage in mouse Aag knockout tissues (Aag-/-, KO). G/U, T/I and C/I substrates were used to examine assay methodology in both KO and age-matched wild type (wt) spleen tissues. As expected, uracil DNA glycosylase activities were readily detected in both KO and wt tissues (Fig. 4B) . Cleavage of inosine in T/I base pair was primarily observed in the wt spleen tissue, consistent with previous report that AAG is a major hypoxanthine DNA glycosylase in mammalian cells (22, 34) . In keeping with the preferential cleavage of T/I base pair by purified mammalian AAG (28, 33, (35) (36) (37) , little C/I cleavage activity was observed in the wt cell extract (Fig. 4B ). The band above the specific cleavage band at 36-mer was probably generated by other unidentified cleavage activities in cell extracts. Cleavage of both T/O and C/O substrates was detected in the wt tissue, however, little cleavage was observed in the KO tissue. These results suggest that AAG is a major oxanine DNA glycosylase in mammalian systems.
ODG Activity from hAAG. Initial experiments showed that hAAG was active toward any O-containing base pair (Fig. 4A) . To compare the effect of opposite bases on cleavage, we studied the cleavage kinetics using substrate in excess (Enzyme : Substrate (E:S) ratio of 11 constants were about 0.44 min -1 for N/O, as compared with 0.42 min -1 for T/I (Fig. 5) .
Excess of enzyme (E:S = 10:1) increased the cleavage of the N/O substrates to approximately 30%. Cleavage of T/I substrate approached completion in a 60 min incubation period (Fig. 5C ), in keeping with a previous analysis (28).
We then compared the binding affinity of hAAG to the O-containing substrates.
Unlike the weak binding to C/I base pair ( (28) and Fig. S1 in Supplemental Data), binding to the C/O substrate was strong (Fig. 5B) . Because the substrate-containing DNA was long (Fig. 5F ). On the other hand, the cleavage and binding to single-stranded Icontaining DNA were barely detectable, even at high enzyme concentrations (Fig. S1 in Supplemental Data). This represents a significant biochemical difference between the two deaminated bases.
Discussion
Oxanine is a newly discovered stable base lesion derived from deamination of guanine. This work investigates mutagenicity and potential oxanine DNA glycosylase activities in mammalian systems. The potential of oxanine to mispair is addressed by in vitro studies as reported previously using Klenow Fragment (17) and in this study using human pol b (Fig. 2) . Oxanine nucleotide triphosphate appears to be misinserted opposite thymine in DNA by Klenow Fragment, which would result in A/T to G/C mutations (17) .
Klenow Fragment also incorporates nucleotides to mispair with oxanine in DNA (T. H. & W. C., unpublished data), suggesting that oxanine is promutagenic in either nucleotide or DNA. Human pol b appears to preferentially insert dOTP to pair with C in DNA (Fig. 2) .
However, oxanine in the DNA template is more mutagenic, as manifested by incorporation of C, T, A and G to a lesser extent opposite O in DNA by human pol b (Fig. 2) . Thus, the mispairing property of oxanine in the DNA template appears broader than the natural universal base, hypoxanthine, which pairs primarily with C and A (38).
Mammalian AAGs are broad substrate enzymes that act on alkylated or cyclic alkylated and deaminated bases (39) . In addition to 3-methyladenine, 7-methylguanine, ethenoadenine (eA) and hypoxanthine, xanthine is also found as a substrate for hAAG (9) .
Removal of 1,N2-ethenoguanine (eG), however, appears to require full-length AAG (40) .
Crystal structures of ∆79-AAG complexed with the abasic pyrrolidine inhibitor or with eA provide important insights on base discrimination and catalytic mechanisms (23, 29) .
Interestingly, the active site appears to act more to discriminate against the normal purines, than to specifically recognize the damaged purines. One key feature of this discrimination in the active site is the potential steric clash between N169 of AAG and the N 2 amino group of guanine (24, 33) . The damaged adenine derivatives 3-methylA, eA, and hypoxanthine lack the N 2 amino group. Discrimination against adenine is accomplished by the main chain amide of H136 (29). However, how guanine derived substrates xanthine, oxanine, 7-methylG and eG occupy the AAG active site is not understood. A subtle conformational by guest on November 17, 2017
http://www.jbc.org/ Downloaded from 13 adjustment appears to be needed to accommodate the N 2 amino group of xanthine, oxanine and 7-methylG without clashing with N169, while maintaining strong discrimination against guanine. A more substantial conformational change, which involves the nonconserved Nterminal region, may be needed to prevent steric clash caused by the bulkier eG.
The cleavage and binding of O-containing double-stranded DNA by AAG are essentially independent of the opposite base. In fact, the ODG activity of AAG does not require a complementary strand at all, as evidenced by similar cleavage and binding of single-stranded DNA (Fig. 5A, B, E, F) . Cleavage and binding of eA in double-stranded DNA are also independent of opposite pyrimidine bases (28, 33, 37) . We subsequently tested the excision of eA from single-stranded DNA. Indeed, AAG can excise eA from single-stranded DNA, albeit with compromised efficiency compared to eA from doublestranded DNA ( ODG activities dealing with O-containing lesions appear to be ubiquitous in nature.
AlkA, similar to hAAG, is a broad substrate DNA glycosylase that can remove alkylated and deaminated bases. However, the deaminated base DNA glycosylase activities of E. coli
AlkA seems low as compared with its alkylbase DNA glycosylase activities (18, 41) .
Endonuclease VIII is a DNA glycosylase that removes oxidative base lesions (42, 43) .
Compared with other lesions, the ODG activities of both AlkA and endo VIII are quite low (18) . Enzyme in excess (30-fold) is required to detect cleavage products (18) . It is reported that both AlkA and endo VIII preferentially remove oxanine from A/O, C/O and G/O base pairs. Both enzymes show even poorer activities for T/O base pair (18) . This study demonstrates that the ODG activity of hAAG is more robust than E. coli AlkA, in keeping with previous observation of higher hypoxanthine DNA glycoyslase activity in hAAG (41) .
Another distinct feature of human AAG is that it shows no preference to O-containing base pairs. It has been suggested that AAG evolved from a hypoxanthine-specific DNA glycosylase to a broader substrate enzyme (33, 44) . The novel ODG activities in mammalian AAG underscore the intriguing adaptation of the active site to all three deaminated purine and several alkylated purine lesions. Cleavage assays were performed as described in Experimental Procedures with 1 nM ∆54-wt hAAG (s, E:S = 1:10); 10 nM ∆54-wt hAAG (l, E:S = 1:1); and 100 nM ∆54-wt hAAG (n, E:S = 10:1). Reactions were stopped on ice at indicated time points and followed by adding 0.5 µl of 1 N NaOH. Gel mobility shift analysis was performed as and cleavage product were resolved on a 15% denaturing polyacrylamide gel (8 M urea), run at constant current. Gels were visualized and analyzed using a Bio-Rad Molecular
Imager FX and Quantity One software.
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